The structure of the intestinal mucosa of the platypus has been studied by Krause (1975) . The most striking finding reported by this author was that the mucosa of the platypus intestine is devoid of the characteristic finger-like villi found in other species and is thrown into large surface folds. According to Hilton (1902) , the occurrence of folds instead of villi on the surface of the intestinal mucosa is confined to lower vertebrates such as reptiles and fish. The finding of Krause (1975) thus appears to indicate that the surface structure of the intestinal mucosa of the platypus differs greatly from that of other placental mammals. However, Krause did not mention the cellular constituents of the lamina propria in the core of the mucosal folds, except to say that this tissue was well developed. Since recent studies on the villous lamina propria of human and other mammalian intestines have indicated a lymphoid nature for such tissue (Parrott, 1976; McCaughan and Basten, 1983; Fujita and Fujita, 1984; Dobbins, 1990) , it is of particular interest to examine whether the lamina propria of the mucosal folds of the platypus intestine is lymphoid in nature or not.
For this reason, the structure of the intestinal mucosa of the platypus was reinvestigated, with special ernphak on the cellular architecture of the lamina propria as well as on the lymphoid tissues associated with the intestinal tract (such as Peyer's patches). Other intra-abdominal lymphoid tissues such as the splenic white pulp and mesenteric lymph nodes were also examined for comparison with those of other placental mammals.
Materials and Methods
Animals. Three wild platypuses (Ornithorhynchus anatinus), one male and two females, were used in the present study.
As described previously (Tsujii et al., 1990) , this work, including the collection and sacrifice of the animals, was carried out under the following licences/permits by the Austrlian Federal and Local Governments and The Australian National University (Animal Experimentation Ethics Committee): P 893855, P 893004, P 901054, LE 086, LI 447 , LE 096, F 89/1039, A 763 and R.mG 2.88.
The male animal weighed 1.20 kg and was captured at a site approximately 5.5 km downstream from the bridge at Rosedale on the Murrumbidgee river , New South Wales (N.S.W.), Australia, on the 23rd of September, 1989, under the supervision of the N.S.W. Department of Agriculture, Coom. It was 56 cm in length (bill, 7 cm; mouth to cloaca, 27 cm; and tail , 11 cm). The platypus had been unconscious and was almost dead after being caught in a net. The animal was sacrificed by cervical dislocation. The intestine and lymphoid tissues, such as the appendix, mesenteric lymphoid nodules and spleen, were removed and fixed in 15% buffered formalin solution or Zamboni's fixative (Zamboni and DeMartino, 1967) for light microscopy and in Karnovsky's fixative (Karnovsky, 1965) for electron microscopy.
The two females weighed 1.02 kg (length, 42 cm; bill to cloaca, 30 cm) and 1.21 kg (length, 41.0 cm; bill to cloaca, 30 cm). They were captured at Tamworth, N.S.W., on the 1st of March, 1990, and were donated by Dr. J. Harris. These platypuses had died after being caught in trout nets. They were immediately kept in ice and transported to The Australian National University, Canberra. Soon after arrival at the University on the 3rd of March, 1990, the abdominal cavity was opened and the intestine and lymphoid tissues were removed and fixed in 1507o buffered formalin solution for light microscopy.
Light microscopy. The formalin-or Zamboni-fixed tissues were embedded in paraffin by the routine method, and serial sections of 5 pm in thickness were prepared. To confirm the presence or absence of lymphoid cell aggregations such as Peyer's patches and solitary lymphoid nodules, tissues were removed from several different parts of the small intestine to prepare serial sections.
Electron microscopy. After fixation, the tissue blocks were washed overnight in 0.05 M sodium cacodylate buffer (pH 7.3) containing 0.3 M sucrose, and then post-fixed in 2Wo 0504 in 0.05 M sodium cacodylate buffer (pH 7.3) containing 0.3 M sucrose at 0°C for 3 hr. Following dehydration through graded alcohol to acetone, the materials were embedded in TAAB resin (TAAB Lab., Reading, England) for ultra-thin sectioning. Thin sections and ultra-thin sections were then obtained with a diamond knife on a Reichert OmU-3 Ultratome. The ultra-thin sections were examined after contrasting with uranyl acetate and lead citrate, under a Hitachi H-700 transmission electron microscope at an accelerating voltage of 75 kV.
Results

I Intestinal mucosa
Light microscopy. As reported by Krause (1975) , the intestinal mucosa of the platypus took the form of numerous transverse surface folds (Fig. 1 , Plate I). The height of such folds measured more than 1,000 pm at the proximal portion of the intestine (cf. 300 to 500 pm for human small-intestinal villi), but distally the folds decreased in height. Each surface fold revealed smaller folds (or ridges) ( Fig. 1 ), but the finger-like villi characteristic of the small intestine of human and other mammals were not seen. The surface folds were made up primarily of lamina propria covered by pseudostratified epithelium (Figs. 2 and 3 , Plate II). The submucosa, which was limited to a very thin layer of connective tissue, did not extend into the lamina propria.
The pseudostratified epithelium consisted of columnar cells similar to those found in other species and basal cuboidal cells with interspersed goblet cells. Both columnar and cuboidal cells lay on an extraordinarily thick basement membrane, which measured 20-30 pm in thickness, as reported previously by Atkins and Krause (1971) (Figs. 2 and 3 , Plate II). Intraepithelial lymphocytes were occasionally observed but in far lesser numbers, when compared with the large number of such cells present in human and other mammalian intestines (Darlington and Rogers, 1966; Dobbins, 1985) .
The intestinal glands (crypts of Lieberkiihn) did not drain directly into the intestinal lumen in the intervals between the large surface folds. There were intervening tubular ducts which followed a tortuous course to empty into the intestinal lumen (Fig. 1) .
The lamina propria extended between the intestinal glands (between the tubular ducts also) and into the core of the large surface folds. The mass of this tissue in the core of the surface folds was far greater than that in the villous core of human and other mammalian intestines. It comprises a sort of reticular tissue containing numerous lymphoid cells. In the core of the surface folds, these cells occurred mostly in a scattered arrangement but were not infrequently more densely aggregated (Figs. 2 and 3 ). In addition to the lymphoid cells, eosinophilic leukocytes were often observed in the lamina propria.
Electron microscopy. The abundant occurrence of lymphoid cells in the lamina propria of the intestinal folds was confirmed by electron microscopy. Cells which exhibited morphological features of lymphocytes were found in abundance in this tissue. Such cells were characterized by a scanty cytoplasm with sparse organelles, and their nuclei contained large amounts of heterochromatin and relatively lesser amounts of euchromatin (Figs. 4 and 5, Plate III). It should be noted that typical plasma cells containing a very prominent rough endoplasmic reticulum (rER) were not found in the lamina propria of the surface folck, although such cells occurred in great numbers in the splenic red pulp of the same animal (Fig. 6, Plate IV) . It is conceivable that plasma cells (or IgA-producing B cells) in the lamina propria of the platypus intestine The electron microscopic features of the basal cuboidal cells of the intestinal epithelium and of the intraepithelial lymphocytes were also worthy of note. The former cells had a nucleus which resembled that of lymphocytes but were characterized by an electrondense cytoplasm with numerous organelles and often contained mucous globules, whereas the intraepithelial lymphocytes revealed a low-density cytoplasm with sparse organelles (Fig. 7, Plate IV) . The lymphocytes were thus clearly distinguishable from the cuboidal cells which are regarded as the precursors of goblet cells. It should be added that intraepithelial lymphocytes were not so numerously found, although such cells have been reported to occur in great numbers in human and other mammalian intestines (Darlington and Rogers, 1966; Dobbins, 1985) .
Intra-abdominal lymphoid tissues
Appendix. As has been described by Hill and Rewell (1954) and Krause (1975) , there is a small appendix (2.5 x 0.30 cm) extending from the portion corresponding to the ileo-colic junction. Histologically, the appendix consisted of a lymphoid tissue similar to that of placental mammals. Its mucosa was for the most part densely infiltrated with lymphocytes, occasionally forming germinal centers.
Peyer's patches (aggregated lymphoid nodules) and solitary lymphoid nodules. Peyer's patches were well developed in the submucosal layer of the ileum. Although each of them was composed of lymphoid tissue, their structure differed from that of the typical Peyer's patches of other placental mammals, in that a single Peyer's patch appeared to consist of 2 to 4 follicles (germinal centers), which were fused together to form a large germinal center-like structure. Solitary lymphoid nodules, on the other hand, could not be found anywhere in the platypus intestine, in spite of extensive examinations of serial transverse sections cut from several different parts of the small intestine.
Mesenteric lymphoid nodules. Lymphoid structures corresponding to the mesenteric lymph nodes of placental mammals were not present in the mesentery of the platypus, except for numerous minute lymphoid nodules, as reported by Hill and Rewell (1954) . In the present study, numerous lymphoid nodules were found to accompany the principal blood vessels of the mesentery and became more numerous as the vessels divided upon approaching the intestinal wall (Fig. 8 , Plate V). The lymphoid nodules varied considerably in diameter (from 0.8 to 3.0 mm) and each nodule, irrespeci ive of its size, comprised a peripheral cortical icgion 01 mmtll lymphocytes which enclosed a medullary imie that was morphologically similar to the germinal center of a mammalian lymph node containing blast cells with interspersed "tingible body" macrophages ( Figs. 8 and 9 , Plate V). Thus, each nodule corresponded to a single secondary nodule of the type which fuse together to form the outer cortex of the lymph node of placental mammals.
Splenic white pulp. The platypus spleen was relatively large in size and showed a typical bibbed shape. Its white pulp was very well developed as compared with the red pulp. The gross structure of the platypus spleen was similar to that reported by Tanaka (1990) . The white pulp was composed of isolated lymphoid nodules (or follicles) and poorly developed diffuse lymphoid cell aggregations which appeared to correspond to the periarterial lymphoid sheaths found in the spleen of higher mammals. The structure of each lymphoid nodule in the spleen was identical to that in the mesentery, comprising a peripheral cortical zone of small lymphocytes enclosing a germinal center.
Discussion
The present investigation confirms the earlier observation of Krause (1975) that the mucosal elevations of the platypus intestine are large surface folds instead of the characteristic finger-like villi found in other species. In his extensive study on the morphology and development of intestinal folds and villi in vertebrates (not including the platypus), Hilton (1902) concluded that simple folds and villi are homologous and that villi represent the more specialized form of mucosal elevations, occurring in higher vertebrates such as mammals and birds. It was also indicated that the formation of folds without villi on the mucosal surface of the intestine is confined to lower vertebrates such as reptiles and fish. Recently, however, Griffiths (1988) stated that the monotremes or egg-laying mammals (including the platypus) have retained a number of ancestral reptilian traits during the course of their evolution and possess an interesting mosaic of mammalian and reptilian characteristics. Based on the above arguments, the platypus intestine is thought to be at the evolutionary stage of reptiles (or fish), in so far as the mucosal elevations are concerned.
In view of the above discussion, it seems inappropriate to consider the mucosal elevations alone. The lamina propria which constitutes the core of the mucosal folds should also be taken into account . In the present investigation, therefore, special attention was directed towards the cellular architecture of the lamina propria in the mucosal folds of the platypus intestine. It has been demonstrated that the lamina propria in the core of the mucosal folds is well developed and contains very numerous lymphocytes , resembling the histological picture of the intestinal lamina propria of higher mammals, e.g. humans.
The recent advances in the study of the intestinal lamina propria of higher mammals will now be briefly reviewed.
In the earlier literature, the intestinal lamina propria, particularly that in the core of the small intestinal villi, was described as a loose areolar connective tissue similar to the interstitial connective tissue of other organs. However, this tissue is now regarded as a reticular tissue consisting of a network of reticulum (or reticular) cells and fine argyrophilic (or reticular) fibers, whose meshes contain a variety of free cells such as lymphocytes, plasma cells, macrophages and other leukocytes (Fujita and Fujita, 1984) . From the immunological standpoint, this tissue is considered as a sort of lymphoid tissue characterized by the abundant occurrence of B-lymphocytes or plasma cells which are a source of immunoglobulin A production (McCaughan and Basten, 1983). Osogoe and Yanagi (1987) demonstrated in their autoradiographic study using [14( ]-adenine that the stromal cells of the villous lamina propria of the rat small intestine show a similar labelling pattern to the reticulum cells in the paracortical zone of rat lymph nodes. More recently, the villous lamina propria of the human small intestine has been referred to by Dobbins (1990) as diffuse lymphoid tissue, since this tissue is rich in scattered lymphocytes and plasma cells.
The well-developed lamina propria in the core of the mucosal folds of the platypus intestine that contains numerous lymphocytes is comparable to the villous lamina propria of human and other mammalian intestine. The lymphoid nature of the lamina propria of the platypus intestine is especially worthy of notice, since such a tissue characteristic may be correlated with the well-developed lymphoid tissues of the platypus, such as the appendix, Peyer's patches, mesenteric lymphoid nodules and splenic white pulp. Among these, the structure of the mesenteric lymphoid nodules is of particular interest. The most striking feature of these nodules is that each of them is morphologically similar to the single secondary nodule (with a germinal center) found in the outer cortex of the lymph nodes of higher mammals. In their study on the immune system of the Australian echidna (Tachyglossus aculeatus), Diener and Ealey (1965) found that this animal had numerous lymphoid nodules and that each nodule consisted of a single follicle, quite similar to each lymphoid nodule of the platypus mesentery.
Thus, the structure of the mesenteric lymphoid nodules of the platypus differs from that of the lymph nodes of higher mammals in that each nodule of the former animal represents a single lymphoid follicle, whereas each lymph node of the latter animals is composed of numerous follicles, which fuse together to form the outer layer of the lymph node (other parts of the lymph node are composed of diffuse lymphocyte aggregations). In their study, Diener and Ealey (1965) observed the occasional occurrence of lymphoid nodules which had more than one germinal center. They suggested a gradual evolutionary tendency for such nodules to fuse together to form the characteristic lymph node of higher mammals.
A number of other findings regarding the platypus intestine appear to indicate that this tissue is less specialized than that in the human and other mammalian intestines. Firstly, solitary lymphoid nodules are not present in the former intestine. Secondly, typical mature plasma cells are not found in the lamina propria of the former intestine, although such cells are numerous in the splenic red pulp of the same animal. Thirdly, intraepithelial lymphocytes occur not so numerously in the former intestine as in the latter.
In conclusion, the results of the present study suggest that the intestinal mucosa and intra-abdominal lymphoid tissues of the platypus represent an evolutionary level preceding that of placental mammals. e a!. 
